A single medium was used for induction of somatic embryogenesis and shoot organogenesis from flax hypocotyls. With this system, a comparative study was performed to determine the free sterols content and composition in non-organogenic, shoot organogenic and embryogenic calli as well as in regenerated shoots and somatic embryos grown under the same hormonal supplementation. The induction of somatic embryogenesis and shoot organogenesis of flax was associated with an increase of total sterols in the competent calli and an increased ratio of stigmasterol to β-sitosterol in derived embryos and shoots. On the contrary, in non-organogenic calli, the ratio stigmasterol to β-sitosterol decreased during the exponential growth phase due to a drastic rise in the β-sitosterol content. This effect as well as the calli growth were higher with 0.5 mg/l 2,4-D than with 0.6 mg/l IBA.
INTRODUCTION
Notwithstanding a vast lore of information on strategies of in vitro induction and development of organogenesis and somatic embryogenesis, knowledge of the inherent fundamental biology remains scanty. Several studies have been undertaken, however, to sequence the developmental events in order to understand the process of induction and development of somatic embryogenesis (1) as well as shoot induction and organogenesis (2) .
Somatic embryos of some species have been shown to accumulate storage products similarly to zygotic embryos (3, 4, 5). According to Joy et al. (6) , during the early stages of the development of Picea glauca somatic embryos, polysaccharides, mostly starch, are produced as storage products, whereas during later stages, lipids followed by proteins accumulate. The lipid accumulation by somatic embryos of Theobroma cacao has been extensively studied (3, 7, 8) , and lipids synthesized in somatic embryos have fatty acid and triglyceride compositions similar to those of in vitro maturing zygotic embryos. Lipid accumulation in the form of triglycerides seems to be mostly responsible for the increase in the content of total lipids occurred during the maturation of either zygotic embryos (9) or somatic embryos (5, 10, 11) . A rapid increase in the formation of polar lipids and phospholipids in the period just before the embryoids become visible has also been reported (11 and references therein). According to the same authors the increase in phospholipid synthesis is correlated with the increased rate of cell division. Lipid changes associated with shoot organogenesis have also been reported (2 and references therein, 12, 13). Phytosterols are important components of cellular membranes (14, 15) . The production of plant sterols in in vitro cultures has been extensively reported (16, 17, 18, 19, 20, 21, 22, 23) , however, studies on the 3 synthesis and accumulation of phytosterols associated with the induction and development of somatic embryos and shoot organogenesis have not been carried out.
This paper reports a comparative study on the content and composition of free sterols in non-morphogenic calli as well as embryogenic and shoot organogenic competent calli, somatic embryos and early developing shoots of flax.
MATERIALS AND METHODS

Plant material and culturing conditions
Flax seeds were immersed in 70% ethanol, surface sterilized in a 20% calcium hypochlorite solution for 10 min. and then thoroughly washed in sterile water. The seeds were allowed to germinate in vitro on MS medium (24) containing 2% sucrose and solidified with 0.8% agar (Iberagar, J. M. Vaz Pereira, Lisboa Portugal) after pH adjustment to 5.7. All the biological material was cultured in a growth chamber under a 16 h light photoperiod and 22°C. Three types of MS medium were used for germination: MS0 -medium without hormonal supplementation; MS1 -supplemented with 0.6 mg/l IBA + 0.5 mg/l KIN and MS2 -supplemented with 0.5 mg/l 2,4-D + 0.5 mg/l ZEA. All the hormones were autoclaved with the medium. Hypocotyl segments were cut off seedlings grown on MS0 medium for 3 to 5 weeks and used as primary explants for both calli induction and morphogenic differentiation.
Two different combinations of growth regulators were selected to study the production of free sterols by non-morphogenic calli during a 49 days growth period: MS2 and MS3 medium (0.6 mg/l IBA + 0.5 mg/l ZEA). This study was performed using nonmorphogenic, well-established 5 month old calli, maintained under the environmental conditions above stated by subcultures of 5-6 weeks interval. After subculture, samples of eight calli were randomly harvested at 0, 3, 7 days and once a week for seven weeks.
The sampled calli were freeze dried before determination of biomass dry weight and 4 then processed for lipid extraction. The production of free sterols by different types of plant tissues induced in vitro was also assessed. After an eight week period on MS medium supplemented with 0.4 mg/l 2,4-D + 1.6 mg/l ZEA, which is a non-exclusive embryogenic medium (25) , non-organogenic calli (C), shoot organogenic calli (S.C.) and embryogenic calli (E.C.), all at the stationary phase, were harvested separately. At the end of the 8th week, embryogenic calli differentiated a maximum, although variable, number of somatic embryos, the majority of which, as described before (25) showed a conspicuous shoot pole and two cotyledons. The meristematic primordia that differentiated organogenic shoots did not exhibit cotyledons. The calli that showed differentiation of both somatic embryos and organogenic shoots were not considered for this study. The developing shoots (S) as well as somatic embryos (S.E.) were detached with forceps from the respective calli and stored at -70°C before lipid extraction.
Extraction of the lipid fraction and quantitative analysis of the main sterols by GC
Seedlings, calli, somatic embryos and organogenic shoots sampled during the experiments were freeze dried at 4 µbar (Alpha 2-4 LDC-1m) for 48 h. Total lipids were 
RESULTS
The total lipid and sterol content determined for dry flax seeds, seedlings, calli, somatic embryos and in vitro regenerated shoots are shown in Table 1 . Although the total lipid content of these flax seeds was about five-fold over those determined for seedlings, regenerated shoots and somatic embryos and more than ten-fold over those determined for calli, the content of their total free sterols was the lowest (Table 1) . A specific sterol content as low as that of seeds was also found in non-organogenic calli (Table 1) . Shoot organogenic and embryogenic calli contained sterol contents higher than that of seeds but significantly lower than those found in the respectively derived shoots and somatic embryos (Table 1) . Curiously, the content of total lipids measured in embryogenic calli was lower than that found in non-organogenic ones. However, as in the regenerated shoots, the total lipid content in somatic embryos was almost three-fold higher than in embryogenic calli (Table 1) . These results show that during the expression of somatic embryogenesis of flax, but not during shoot organogenesis, there is a decrease of total 6 lipids in embryogenic competent calli and a concomitant increase of these compounds in the developing embryos. On the other hand, either during the expression of somatic embryogenesis or shoot organogenesis, competent calli accumulated a higher level of free sterols when compared to non-organogenic calli (Table 1) . Calli used in this study were collected at the stationary growth phase. Results are represented as means of 2-3 replicates. In each column, means followed by the same letters, were not statistically different (p>0.05).
* No statistics were possible due to the loss of a duplicate. The value obtained was, however, in the range of those obtained for somatic embryos and seedlings which are a similar type of tissue.
Although non-organogenic flax calli resembles seeds and calli derived plantlets resembles seedlings in their total sterol content, there were significant differences in the relative proportions of the sterols. The GC analysis of the lipid fraction revealed that campesterol, stigmasterol and β-sitosterol were the main free sterols found in all the 7 tissues examined (data not shown). Seeds contained the highest proportion of β-sitosterol (Fig. 1) . The ratio of campesterol/stigmasterol/β-sitosterol in flax seeds was 0.36/0.12/1.00 (Fig. 1) . During germination, independently from the medium supplementation, although the content of β-sitosterol had risen, the synthesis and accumulation of stigmasterol and campesterol increased at higher rates. The ratio of stigmasterol to β -sitosterol in seedlings was five-fold higher than in seeds while that of campesterol:β-sitosterol more than doubled. The ratio of campesterol/stigmasterol/β-sitosterol in non-organogenic flax calli was 0.56/0.37/1.00. In shoot organogenic calli and in embryogenic calli the relative proportions of these sterols were nearly the same (Fig. 2) . However, as in seedlings, the 8 accumulation of stigmasterol in somatic embryos and regenerated shoots increased at higher rates than β-sitosterol or campesterol (Fig. 2) . Non-organogenic calli revealed different growth profiles when grown on MS2 or MS3 media. In the presence of 0.5 mg/l 2,4-D+ 0.5 mg/l ZEA (MS2) calli growth followed roughly a sigmoidal curve showing a marked exponential phase (Fig. 3a) . With 0.5 mg/l IBA+ 0.5 mg/l ZEA (MS3), calli growth was nearly constant over the same period, although more actively during the first 21 days (Fig. 3b) . In both cases, there was a significant increase in total sterol content during the first half of the growth period followed by a decrease. β-Sitosterol accounted for most of that variation. The content of campesterol in calli maintained with 0.6 mg/l IBA increased from the 3rd up to the 21th day decreasing since then. The data was not conclusive for stigmasterol. No significant 9 variation in content of these two sterols occurred in calli maintained with 0.5 mg/l 2,4-D (Fig. 3a) . It seems evident that there is a tight parabolic relationship between β-sitosterol content and calli growth (Fig. 4) . The highest β-sitosterol content occurred by the end of the most active growth phase. 2,4-D at 0.5 mg/l was clearly more efficient than IBA at 0.6 mg/l on both stimulating calli growth and β-sitosterol accumulation. 
DISCUSSION
The lower content of total lipids found in embryogenic competent calli relatively to non-organogenic flax calli suggest that the emergence and maturation of somatic 11 embryos is related with a decline in total lipids in the source calli. Mhaske and Hazra (5) found that the somatic embryogenesis of peanut, induced from immature leaflets, is preceded by a declining of lipids, namely triglycerides, which continued for four weeks after which these compounds started rising in the emerging embryos.
The biosynthesis of phytosterols, such as phospholipids, is necessary for membrane biogenesis. Plasma membranes have the greatest sterol content and the highest sterol/phospholipid ratio (26). Turnham and Northcote (11) reported a rapid increase in the formation of polar lipids that occurred during embryogenesis of Elaeis guineënsis in the period just before the somatic embryoids became visible. According to these authors, together with the appearance of embryoids there is an increase in the rate of cell division and the increase in the formation of polar lipids may reflect increases in cell membrane phospholipid synthesis. The higher content of total sterols found in shoot organogenic calli and embryogenic calli of flax relatively to non-organogenic ones was also probably associated with membrane biogenesis. The increased content of total sterols recorded for somatic embryos and developing shoots of flax is probably correlated with higher rates of sterol biosynthesis since, according to some authors, the most active site of sterol biosynthesis is located in differentiating tissues (14, 15, 27, 28) . High rates of sterol biosynthesis correlated with active membrane biogenesis may also explain the increase of sterol content of the flax seedlings relatively to dry seeds (Table 1) and has been reported for other plant species (14, 15 and references therein,
23, 29).
Flax seedlings from seeds germinated on MS medium supplemented with auxins and cytokinins had lower levels of total sterols than seedlings grown on MS medium devoid of phytohormones (Table 1) . This may probably be due to toxic effects of the growth regulators as growth of these flax seedlings was significantly reduced when compared with that of seedlings grown on MS0 medium. The toxic effect on sterol production due to overdose levels or antagonism of auxins and cytokinins has been reported for other species (17, 29, 30) .
According to some authors, seeds and meristematic tissues have high levels of β-sitosterol and low levels of stigmasterol (14, 15) . During germination and as a consequence of the seedlings aging, the ratio of stigmasterol to β-sitosterol increases primarily due to an increase in stigmasterol and not to a decrease in β-sitosterol (14, 15, 27, 28) . The results obtained from this study showed that the increase in stigmasterol relatively to β-sitosterol occurred in the differentiated tissues of seedlings, regenerated shoots and somatic embryos but not in calli. The correlation between the increase in β- however, instead of stigmasterol, calli produced avenasterol (28-isofucosterol) which increased sooner and at a higher rate than β-sitosterol. The results obtained with flax calli are consistent with those of Euphorbia characias when we consider that β -sitosterol is situated downstream to avenasterol and upstream to stigmasterol in the biosynthetic pathway. Taking into account that meristems, as seeds, have the highest ratios of β-sitosterol relatively to other sterols (14, 15) , the occurrence of the highest rate of β -sitosterol accumulation during the exponential phase, stresses the similarity between non-organogenic calli and meristematic tissues.
The effective interaction with membrane phospholipids requires that sterols have exact molecular configurations that may include a non-substituted C-3 hydroxyl group, a relatively flat molecular structure and at least one double bond in the ring system.
Increasing the bulkiness of the C-17 side chain of the sterol molecule increases the difficulty of its incorporation into the membranes of erythrocytes and in liposomes (31) and decreases the effectiveness of the sterol molecule to stabilize membranes (15) . 13 According to Cooke et al. (32) there is an increase in membrane fluidity and a decrease in the membrane proton-pumping activity in plasma membrane vesicles of oat shoots incubated with stigmasterol relatively to membranes incubated with cholesterol. In general, membrane permeability increases in the order: cholesterol > campesterol > β-sitosterol > stigmasterol (14, 28, 31) . A positive correlation has emerged between the aging, the increase of the ratio stigmasterol to β-sitosterol, the rise in permeability to water and the decreasing in Mg 2+ -dependent plasma membrane activity in mung bean seedlings (28) . The differences in terms of total free sterols content and ratio of stigmasterol to β-sitosterol, between calli and in vitro growing seedlings, regenerated shoots and embryos of flax may eventually determine differences in membrane permeability, fluidity and enzyme activity.
